Abstract: Herein, the behavior of a rolling type seismic isolation system with a position restoring device (PRD) is investigated, for alleviating problems such as rapid convergence and position restoration. The equation of motion is derived by modeling the behavior of the seismic isolation system, and the seismic characteristics according to the design variables of the PRD are investigated through numerical analysis. The vibration characteristics of the equation of motion show nonlinearity and depend on different variables. Numerical analysis was performed by using the fourth and fifth order Runge-Kutta method, and the vibration characteristics were analyzed with respect to the design parameters in the rolling type seismic isolation system with PRD, and compared to a model without PRD. In the model with PRD, numerical results show that the vibration suppression capability of the earthquake and the position restoration after disturbance are improved compared to those of the model without PRD. In addition, the rolling type seismic isolation system had nonlinear characteristics at specific frequencies, where the response increases suddenly and harmonics occur. This phenomenon can be controlled by the ratio of mass to stiffness and the damping coefficient, showing that the mount system can be designed to avoid resonance through optimal design.
Introduction
The damage caused by earthquakes has been steadily increasing. In recent years, the scale of the damage has been increasing rapidly as the industry has advanced [1] . Also, to cope with the threats from earthquakes, various types of seismic isolation systems have been introduced and actively studied [2, 3] . Isolation systems use a basic separator to reduce the response of the structure caused by the ground vibrations of the earthquake. There are various types of seismic isolation systems, such as sliding bearings, rubber bearings, and rolling bearing isolation systems [4, 5] . In recent years, many methods of vibration protection have been developed, including energy dispersion, vibration control, and base isolation [6] [7] [8] . In addition, studies on anti-vibration rubber bearings (HDRB) have been continuously carried out to increase the damping force of materials, and their probabilistic reliability has been studied [9] [10] [11] [12] [13] . Initial research on the rolling bearing seismic isolation system (RIS) was carried out by Lin and Hone in 1993 [14, 15] . Their model consists of a flat plate and cylindrical rolling bearings, and is widely used because of its protective effect from earthquakes [16, 17] . To overcome the disadvantages of recentering, Tsai [18] constructed an RIS with cylindrical rollers between two V-shaped rolling surfaces, and applied them to a bridge structure. Research on RIS using spherical rollers instead of cylindrical rollers has also been conducted and used for light loads [19] .
1.
Performance that returns the object to the initial position after the earthquake 2.
Improvement of damping, which is a disadvantage of the RIS system. 3.
Suppression of movement during weak earthquakes. 4 .
Control of resonance generation in the RIS system.
For this study, theoretical governing equations for the isolation system, the RIS with a PRS, are derived, and nonlinear problems are analyzed using a fourth and fifth order Runge-Kutta method. In addition, the behavior was examined with respect to the movement of the structure, convergence time, occurrence of resonance, and nonlinearity, according to various parameters such as the spring constant, magnitude of seismic input, etc.
Equation of Motion

Description of Analysis Model
The RIS consists of a lower rolling plate with a concave surface called a base table, an upper plate called a superstructure, and rollers between the two plates. The rollers and plates that make up the core components have been manufactured in high carbon chromium bearing steel and chrome molybdenum steel for high mechanical strength, fatigue strength, high hardness, and wear resistance. When the base table is excited by an external force, relative movement of the base and the upper structure is generated, and the rolling friction of the roller acts as a damping force. In this system, the damping force can be controlled by adjusting the coefficient of rolling friction. Since the potential energy change of the superstructure is small at the center, when the friction coefficient is increased, the frictional force is increased, and the upper structure is not restored to the original position after the movement, and stops at an arbitrary position. Therefore, it is necessary to provide a PRD for quick restoration to the original position.
As shown in Figure 1 , the proposed model consists of a lower rolling plate, a base table with a concave surface, and a PRD for rapid restoration. The PRD is assembled by providing a top plate with a wedge-shaped (or hemispherical) groove and a spring-damper-sliding unit that is installed on the base table by precompressing the spring. This device prevents the superstructure from moving horizontally due to a weak earthquake or unnecessary vibration, and makes it return to the initial position quickly after the earthquake. Stick-slip friction occurs at the contact surface between the spring tip of the device and the wedge hole.
In Figure 1 , R is the radius of the concave surface of the base table, r is the radius of the roller, and u is the seismic displacement of the base table; x and v are the relative and absolute horizontal displacements of the superstructure, respectively, and have the following relationship with the base displacement,
The horizontal displacement x and the vertical displacement y of the base table have the following geometric relationships, respectively.
and
where, L = R − r. In Figure 1 , is the radius of the concave surface of the base table, is the radius of the roller, and is the seismic displacement of the base table; and are the relative and absolute horizontal displacements of the superstructure, respectively, and have the following relationship with the base displacement,
The horizontal displacement and the vertical displacement of the base table have the following geometric relationships, respectively.
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Equation of Motion
In this paper, a rolling-type isolator system with PRD is established in Figure 2 , and the assumptions to derive the equation of motion are as follows. The superstructure, with a total mass of the , is considered as a rigid structure having only horizontal motion; the rollers and the upper and base plates make rolling contact without slippage; since the mass of the rollers is smaller than the total mass, it is ignored; and that the radius of the concave surface is very large. 
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Equation of Motion
In this paper, a rolling-type isolator system with PRD is established in Figure 2 , and the assumptions to derive the equation of motion are as follows. The superstructure, with a total mass of the , is considered as a rigid structure having only horizontal motion; the rollers and the upper and base plates make rolling contact without slippage; since the mass of the rollers is smaller than the total mass, it is ignored; and that the radius of the concave surface is very large. The force acting on the system is applied to the gravitational load Mg of the superstructure, the normal force N, the rolling resistance F r on the concave surface, and the vertical reaction N s and the friction force N s by the spring ball device, as shown in Figure 2 . Here, F and g are the spring-damper unit force and gravitational acceleration, respectively. µ r is the ratio of the rolling resistant coefficient to the roller radius [29] . In Figure 2 , we can see the dimensions of the wedge-shaped hole, which is a symmetric structure with a width of 2a and a height of b. In this study, it is assumed that the PRD plays a role only when the relative displacement x of the superstructure satisfies the condition of −a ≤ x ≤ a. Then, if the compression displacement for the initial preload of this device is y 0 the total compression amount δ for the displacement x is as follows,
when −a ≤ x ≤ a, the normal force F is the sum of the spring force F s and damping force F c , are expressed as follows,
where k and c r are the spring constant and damping coefficient of the PRD, respectively. From the free body diagram in Figure 2 , we can write the equilibrium equations of force for the horizontal and vertical directions when −a ≤ x ≤ a;
where N s = (F s + F c )/ cos α and 'sgn' denotes the sign of the parameter in parentheses. Since the radius of the concave surface R is large, it is assumed that the angular displacement θ is small. Therefore, in Equations (4)- (8), sin θ ∼ = θ, cos θ ∼ = 1. If we eliminate N in Equations (7)- (8), replace θ with x/L, and substitute Equations (5) and (6), the horizontal governing equations of the superstructure can be obtained as follows.
..
where
where ζ r is defined as c r / √ 4kM. The obtained Equation (9) is satisfied when −a ≤ x ≤ a. If x > a or x < a, then f 1 = f 2 = f 3 = 0 in Equation (9) because the spring-damper unit of PRD is outside the wedge-hole. Therefore, it is expressed as follows
As can be seen from Equations (9) and (14), the natural frequency is mainly related to the radius of the curvature of the concave base R and the radius of the roller r without depending on the mass of the superstructure M. The natural frequency is expressed as follows
In the model shown in Figure 1 , the natural frequency f n is 0.66 Hz for R = 600 mm and r = 25 mm.
Numerical Analysis
Considering the strong nonlinear characteristics of the rolling-type isolator system with PRD, the numerical simulation is conducted using the 4-5th order Runge-Kutta method. In addition, the research object is a seismic system supporting about 200 ± 50 kg installed RPD, which is used in the field. Numerical analysis was performed on characteristics such as the position restoration ability after disturbance, vibration transfer ratio, and frequency at which the relative motion of the superstructure and base table occurred and the response amplitude suddenly increased, and compared with those of an isolation device without PRD. The main dimensions and parameters of the isolation system with PRD are shown in Table 1 . [29] 0.004
Position Restoration
In order to investigate the position restoration ability of the PRD, a transient response to the forced initial displacement of the superstructure was analyzed. Since the response is affected by the stiffness to mass ratio k/M and the damping coefficient ς r , as shown in Equation (13) Figure 3a , it can be seen that the superstructure converges to the original position faster than the case without PRD for the disturbance of the initial displacement of 0.1 m. The convergence time is 24.4% for k/M = 5 and 39.3% for k/M, as shown in Table 2 . In other words, it can be seen that as the ratio k/M increases, it returns to the original position more quickly. Here, the meaning of k/M = 0 is that PRD is not installed. Figure 3b shows an enlargement of Figure 3a to see the convergence properties more clearly. In the case of k/M = 0, the system does not converge to the original position but stops at a 1.2 mm deviation, as shown in Figure 3b . This means that the rolling-type seismic isolator without PRD finds it difficult to return to the original position because of insufficient restoring force to overcome rolling frictional resistance. However, because of the increase in the restoring force of the PRD installed seismic equipment, return to the original position occurs rapidly and can be rearranged to prepare for the aftershock. As the damping coefficient of PRD increases, the ability to return to the original position improves, as shown in Figure 4 . Table 2 summarizes the time taken for in situ restoration, as shown in Figures 3 and 4 . Therefore, through the transient response analysis, it can be seen that the RIS equipped with the PRD is superior to the RIS without the PRD in terms of the position restoring performance, and the time required for restoration can be adjusted by appropriately selecting the PRD design parameters.
To investigate the effect of PRD on the damping characteristics of the system, transient analysis with a forced initial displacement of 0.05m was carried out, and the envelope of the response was considered. In the absence of PRD (k/M = 0) as shown in Figure 5 , the envelope representing the amplitude attenuation pattern is a straight line that is typical of friction damping. However, if PRD is present, the envelope appears as a curved line. Particularly, the amplitude of response is slowly reduced when it is larger than the width of the wedge hole, but it is rapidly reduced when it is within the width of the wedge hole. Also, the attenuation of amplitude is increased respect to k/M. Therefore, it can be seen that PRD has a function increasing the damping. position restoring performance, and the time required for restoration can be adjusted by appropriately selecting the PRD design parameters.
To investigate the effect of PRD on the damping characteristics of the system, transient analysis with a forced initial displacement of 0.05m was carried out, and the envelope of the response was considered. In the absence of PRD ( ⁄ = 0) as shown in Figure 5 , the envelope representing the amplitude attenuation pattern is a straight line that is typical of friction damping. However, if PRD is present, the envelope appears as a curved line. Particularly, the amplitude of response is slowly reduced when it is larger than the width of the wedge hole, but it is rapidly reduced when it is within the width of the wedge hole. Also, the attenuation of amplitude is increased respect to k/M. Therefore, it can be seen that PRD has a function increasing the damping. 
Steady-State Response and Frequency Response
To investigate the response characteristics of the seismic isolation system equipped with PRD, the steady-state response of the superstructure was analyzed when the base table had a sinusoidal disturbance. This disturbed displacement of the base table can be expressed as = sin 2
, where is the excitation frequency. As shown in Equations (9)-(13), the seismic response is affected by ⁄ , , and . Therefore, the characteristics of the response were analyzed according to the changes of ⁄ , , and . Figure 6 compares the response of device without and with PRD for the excitations of a specific frequency; the design parameters of the isolation systems are shown in Table 1 and that of PDR are ⁄ = 5 and = 0.2. The natural frequency of the system without PRD was calculated to be 0.66 Hz by Equation (15) . From the numerical results shown in Figure 6a , it can be seen that the resonance frequency at 0.66 Hz corresponds to the natural frequency. The amplitude at the resonance frequency tends to become very small attenuation despite the presence of PRD. This is because as the amplitude increases due to resonance, the ratio of the width of the wedge hole to the range of motion becomes smaller, thereby reducing the effect of the PRD. Figures 6b,c show the steady-state response of the system to base excitation at = 0.03 sin 4 , corresponding to 2 Hz and at = 0.03 sin 6 , corresponding to 3 Hz. In Figure 6b , which shows the response curve at 2 Hz, which is three times 
To investigate the response characteristics of the seismic isolation system equipped with PRD, the steady-state response of the superstructure was analyzed when the base table had a sinusoidal disturbance. This disturbed displacement of the base table can be expressed as u = U sin 2π f t, where f is the excitation frequency. As shown in Equations (9)-(13), the seismic response is affected by k/M, ς r , and U. Therefore, the characteristics of the response were analyzed according to the changes of k/M, ς r , and U. Figure 6 compares the response of device without and with PRD for the excitations of a specific frequency; the design parameters of the isolation systems are shown in Table 1 and that of PDR are k/M = 5 and ς r = 0.2. The natural frequency of the system without PRD was calculated to be 0.66 Hz by Equation (15) . From the numerical results shown in Figure 6a , it can be seen that the resonance frequency at 0.66 Hz corresponds to the natural frequency. The amplitude at the resonance frequency tends to become very small attenuation despite the presence of PRD. This is because as the amplitude increases due to resonance, the ratio of the width of the wedge hole to the range of motion becomes smaller, thereby reducing the effect of the PRD. Figure 6b ,c show the steady-state response of the system to base excitation at u = 0.03 sin 4πt, corresponding to 2 Hz and at u = 0.03 sin 6πt, corresponding to 3 Hz. In Figure 6b , which shows the response curve at 2 Hz, which is three times the natural frequency, the harmonic is dominant at the resonance frequency. On the other hand, it can be confirmed that the harmonic component does not appear when the excitation frequency is 3 Hz, which is not an integral multiple of the resonance frequency as shown Figure 6c . To investigate the harmonic phenomena according to the design parameters, the influence of damping, which is controllable among parameters, is examined, and the results are shown in Figure 7 . As shown in Figure 7 , the harmonic phenomenon is negligible in the damping value above 0.3. Therefore, it is possible to control the harmonic phenomenon by setting an appropriate damping coefficient. The effect of design parameters on the steady-state response for the absolute displacement of the system was investigated through base excitation at constant amplitude and frequency. As mentioned above, the displacement transmissibility ratio is defined as the ratio of the overall peak value of the steady-state response to , because the steady-state response contains harmonic components. It was obtained for various values of ⁄ and , when = 0.3. The curves in Figures 8 and 9  represent for ⁄ and , respectively. In Figures 8 and 9 , the resonant frequency appears at 0.66 Hz, and represents a typical frequency response function of a one degree of freedom system with = 1 at 0.93 Hz, which is √2 times the resonant frequency. In the frequency range higher than 0.93 Hz, the response magnitude of the device is smaller than and decreases with increasing frequency. For frequencies below 0.93 Hz, is greater than or equal to 1, and a peak value is present. Further, in the region larger than 0.93 Hz, increases as the ⁄ increases, which is equivalent to the increase of the damping value of the vibration system. As shown in Figure 9 , the response of = 0.01 m shows a different frequency response characteristic, which is that is not 1 at 0.93 Hz, unlike the other values. In this case, The effect of design parameters on the steady-state response for the absolute displacement of the system was investigated through base excitation at constant amplitude and frequency. As mentioned above, the displacement transmissibility ratio T r is defined as the ratio of the overall peak value of the steady-state response to U, because the steady-state response contains harmonic components. It was obtained for various values of k/M and U, when ζ r = 0.3. The curves in Figures 8 and 9 represent T r for k/M and U, respectively.
In Figures 8 and 9 , the resonant frequency appears at 0.66 Hz, and represents a typical frequency response function of a one degree of freedom system with T r = 1 at 0.93 Hz, which is √ 2 times the resonant frequency. In the frequency range higher than 0.93 Hz, the response magnitude of the device is smaller than U and decreases with increasing frequency. For frequencies below 0.93 Hz, T r is greater than or equal to 1, and a peak value is present. Further, in the region larger than 0.93 Hz, T r increases as the k/M increases, which is equivalent to the increase of the damping value of the vibration system. As shown in Figure 9 , the response of U = 0.01 m shows a different frequency response characteristic, which is that T r is not 1 at 0.93 Hz, unlike the other U values. In this case, the maximum T r is 2.577 at 0.81 Hz, the relative displacement is 15.7 mm (absolute displacement is 25.7 mm), and relative motion occurs only within the width of the wedge hole (±20 mm) at all excited frequencies. On the other hand, the relative movement where the spring unit moves out from the wedge hole easily occurs when the excitation amplitude or frequency are increased, as in the other cases. Therefore, in the case of U = 0.01 m in Figure 9 , the frequency response characteristic seems to be exceptional, unlike in other cases.
In addition, we can see in Figures 8 and 9 that the jumping phenomenon occurs, wherein the relative motion increases suddenly at some frequencies. This frequency is called the jump frequency f p . Relative motion between the superstructure and the base table occurs as the inertia force becomes larger than the frictional force. When the relative displacement becomes larger and the amplitude becomes larger than the width a of the wedge hole, the spring unit of the PRD moves away from the wedge hole. At this time, a jump phenomenon occurs, where the motion of the superstructure suddenly becomes large.
In the case of k/M = 5 in Figure 8 , relative motion starts at 0.44 Hz, and movement occurs in the wedge hole (a = 20 mm) up to 0.58 Hz, with T r = 1.592 (absolute displacement 47.8 mm, relative displacement 17.8 mm). At 0.59 Hz, which is larger than the excitation frequency (that is, the jump frequency of 0.58 Hz), the T r suddenly increases to 4.573 (absolute displacement 137.2 mm, relative displacement 107.2 mm), causing a jump in which the motion is greatly excited from the wedge hole. For k/M = 7.5, a jump occurs at 0.71 Hz. In this case, the T r is 1.36 (absolute displacement: 40.8 mm, relative displacement: 10.8 mm) at the excitation frequency of 0.66 Hz, corresponding to the natural frequency of the system, and movement is limited only within the wedge hole. Therefore, large amplitude resonance does not occur. This can be applied to a design that avoids resonance.
As U in Figure 9 increases, the f p becomes smaller. If U is very large, the jump does not occur, and the transfer rate curve will be similar to that of a typical one-degree-of-freedom linear vibration system, such as k/M = 0 (without PRD). In other words, if the amplitude of the excitation is very large, the motion moves out of the wedge hole in all the frequency domains, which means that the PRD only plays the role of damping.
Considering this jump phenomenon from the viewpoint of energy, the kinetic energy of the superstructure must be at least greater than the potential energy of the PRD spring. That is, the necessary condition of the frequency at which the jump will occur can be expressed by the following equation.
From Equations (16) and (17), it can be seen that f p is proportional to √ k/M and inversely proportional to U. Figures 10 and 11 show the f p obtained in Figures 8 and 9 , and the correlation of the design parameters √ k/M and U, respectively. The result of Figure 10 shows that f p is linearly proportional to √ k/M, as shown in Equations (16) and (17), and the correlation is R 2 = 0.999. Figure 11 also shows that the U and f p are inversely proportional to each other. The f p changes according to the values of the design parameters, as shown in Figures 8 and 9 . Therefore, it is possible to design a rolling type seismic isolation system to avoid the resonance frequency, according to the selection of design factors, and it is important to set an appropriate damping coefficient. 
System Response Analysis for El Centro Earthquake Waveform
To investigate the performance of seismic isolation devices, the El Centro earthquake waveform was used, as shown in Figure 12a . When this seismic wave excited a base table, Figures 12b,c show the relative displacements to the base table and the absolute acceleration of the superstructure, respectively. The earthquake response of the isolator without PRD is also shown.
As shown in Figure 12b , the maximum relative displacement decreased to about 1 2 ⁄ that of the device without PRD, and returned to its original position approximately 7.4 s faster. Figure 12c shows that the maximum accelerations of the El Centro earthquake, the seismic system with PRD, and that without PRD are 0.319 g, 0.115 g, and 0.233 g, respectively. From Table 3 , the maximum acceleration (0.115 g) of the superstructure of the isolation device with PRD was reduced by approximately 64% (▼0.204 g) compared with the maximum acceleration of the base excitation (0.319 g). On the other hand, in the case of the isolator without PRD, the acceleration reduction rate was 27% (▼0.086 g). Therefore, it was found that the PRD is effective for acceleration control and the position restoration ability is also excellent. 
As shown in Figure 12b , the maximum relative displacement decreased to about 1 2 ⁄ that of the device without PRD, and returned to its original position approximately 7.4 s faster. Figure 12c shows that the maximum accelerations of the El Centro earthquake, the seismic system with PRD, and that without PRD are 0.319 g, 0.115 g, and 0.233 g, respectively. From Table 3 , the maximum acceleration (0.115 g) of the superstructure of the isolation device with PRD was reduced by approximately 64% (▼0.204 g) compared with the maximum acceleration of the base excitation (0.319 g). On the other hand, in the case of the isolator without PRD, the acceleration reduction rate was 27% (▼0.086 g). Therefore, it was found that the PRD is effective for acceleration control and the position restoration ability is also excellent. Figure 11 . Correlation between the frequency f and the amplitude U.
√ ⁄
System Response Analysis for El Centro Earthquake Waveform
To investigate the performance of seismic isolation devices, the El Centro earthquake waveform was used, as shown in Figure 12a . When this seismic wave excited a base table, Figure 12b ,c show the relative displacements to the base table and the absolute acceleration of the superstructure, respectively. The earthquake response of the isolator without PRD is also shown.
As shown in Figure 12b , the maximum relative displacement decreased to about 1/2 that of the device without PRD, and returned to its original position approximately 7.4 s faster. Figure 12c shows that the maximum accelerations of the El Centro earthquake, the seismic system with PRD, and that without PRD are 0.319 g, 0.115 g, and 0.233 g, respectively. From Table 3 , the maximum acceleration (0.115 g) of the superstructure of the isolation device with PRD was reduced by approximately 64% ( 0.204 g) compared with the maximum acceleration of the base excitation (0.319 g). On the other hand, in the case of the isolator without PRD, the acceleration reduction rate was 27% ( 0.086 g). Therefore, it was found that the PRD is effective for acceleration control and the position restoration ability is also excellent. 
Conclusions
Mathematical modeling and numerical analysis were carried out to analyze the rolling bearing seismic isolation system equipped with PRD, and the results of the analysis of the equipment with and without PRD were compared. The following conclusions were obtained.
(1) The PRD is an effective device to control the deviation of the original position and stop position after disturbance of the seismic isolation system, and to return quickly to the home position. Further, it is expected to solve the disadvantages of a general rolling type seismic isolation system. (2) The frequency response characteristics of the seismic isolation system equipped with PRD show that the relative displacement of the upper and lower parts and the magnitude of the response rise sharply at a specific frequency, depending on the magnitude of the spring-mass ratio and the amplitude of the excitation. It can be seen that the resonance can be avoided by controlling the design parameters because the jump frequency at which the response amplitude increases sharply is proportional to the stiffness to mass ratio √ ⁄ and inversely proportional to the excitation amplitude . 
(1) The PRD is an effective device to control the deviation of the original position and stop position after disturbance of the seismic isolation system, and to return quickly to the home position. Further, it is expected to solve the disadvantages of a general rolling type seismic isolation system. (2) The frequency response characteristics of the seismic isolation system equipped with PRD show that the relative displacement of the upper and lower parts and the magnitude of the response rise sharply at a specific frequency, depending on the magnitude of the spring-mass ratio and the amplitude of the excitation. It can be seen that the resonance can be avoided by controlling the design parameters because the jump frequency at which the response amplitude increases sharply is proportional to the stiffness to mass ratio √ k/M and inversely proportional to the excitation amplitude U. (3) The response characteristics of the rolling-type seismic system have been determined. It was found that the harmonic characteristics at the excitation frequency of an integral multiple of the resonant frequency appear, and that they can be controlled by the damping value.
(4) When the El Centro earthquake excitation is applied, the PRD has good vibration damping effects, which reduce the maximum acceleration. Further, the relative displacement response is small, so the stroke of the seismic table can be designed to be small.
From the above, we can conclude that the PRD system can improve the performance of the isolation device for restoring the original position and resonance avoidance. In addition, the rolling type seismic isolation system could investigate the nonlinear characteristics, which is the phenomenon of spikes at specific frequencies and of harmonics. This phenomenon can be controlled by the ratio of mass to stiffness and the damping coefficient. Therefore, the PRD system also can be designed to quickly converge and restore its original position and to avoid resonance phenomena. Additionally, we suggest that the PRD system could be a useful device for improving the performance of the seismic isolation system. In the future a theoretical study of harmonics will be carried out.
